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Introduction
Single walled carbon nanotubes (SWCNT) interact strongly with a large range of molecular species from dyes to polysaccharides and bio-molecules (Bandyopadhyaya et al., 2002; Chambers et al., 2003; Casey et al., 2005; Dalton et al., 2000; Hedderman et al., 2004; Keogh et al., 2004; Moulton et al., 2005; Salvador-Morales et al., 2006) . Spectroscopic analysis of a commercial cell culture medium, commonly used in toxicity studies, revealed significant interaction of the constituent components with SWCNT. It was shown in an earlier study (Casey et al., 2007a ) that on dispersal of SWCNT in the cell culture medium significant colour changes were observed in the medium. These changes indicated a degree of molecular interaction between the SWCNT and the constituents of the medium. Spectroscopic analysis confirmed the presence of these interactions with a loss of the associated absorption and fluorescent emission of the medium components. The question was thus raised that if the SWCNT interact with the medium and adsorb nutrient constituents, does the medium still have the same capability to maintain healthy cells? Furthermore, can the toxicological data collected on experiments performed in this way (dispersion of SWCNT in a cell culture medium) be affected? So it is postulated that SWCNT may induce an indirect toxicity due to the reduction in the availability of the medium components to the cells due to interaction with the SWCNT. This study will investigate this hypothesis of an indirect toxicity by medium depletion. In vitro cytotoxicity studies were thus carried out on A549 lung cells with two types of carbon nanotubes for comparative purposes, namely HiPco ® SWCNT and Arc Discharge (AD) SWCNT. Various concentrations of the carbon-based nanoparticles were dispersed in cell culture medium and then removed by a process of centrifugation and filtration. Healthy confluent cells were then exposed to this filtered medium and cellular viability was estimated using two cytotoxicity endpoints, namely the Alamar Blue (AB) and the clonogenic assays. Spectroscopic analysis was performed on all test media samples firstly to verify the complete removal of the nanoparticle in question from the suspension and secondly to investigate the effect of the removal of the nanoparticles on the constituents of the medium itself.
Materials and methods

Test materials and reagents
HiPco
® SWCNT were purchased from Carbon Nanotechnologies, Inc. (Houston, 
Preparation of test samples
The solutions were prepared by dispersing an initial concentration of 0.8 mg/ml of both types of SWCNT in cell culture medium supplemented with 5% foetal bovine serum using an ultrasonic tip. Each stock concentration was then serially diluted with culture medium and sonicated as before to prepare test concentrations. As previously reported (Casey et al., 2007a) , the addition of the serum had an effect on the dispersion behaviour of the SWCNT and the recommendation of working in the absence of serum in toxicity studies was made. In this current study to facilitate the investigation of longer incubations (e.g. 72 and 96 h exposure tests), test concentrations were prepared in 5% serum media to facilitate the healthy growth of cells over this extended time period. After dispersion, the test concentrations were refrigerated for 24 h and then underwent a process of centrifugation (3000RPM/1800G for 20 min) and filtering (using 0.2 m cellulose acetate filters) to remove the dispersed nanoparticles. This resultant filtrate was termed depleted medium. Cells were then exposed to the depleted medium that was previously exposed to a concentration range of nanoparticles (0.00156-0.8 mg/ml).
Characterisation
For cytotoxicity evaluation, fluorescence and absorbance were all quantified using a microplate reader (TECAN GENios, Grödig, Austria). Absorption and fluorescence spectroscopy were performed on the dispersions of nanotubes in all solutions after a 24 h settling period after which they were characterised using a PerkinElmer Lambda 900 Absorption and LS55B Luminescence spectrometers, respectively. Raman analysis was performed using an Instruments S.A. LabRam 1B Raman microscope using 514.5 nm laser excitation on drop cast samples. Elemental analysis was performed by Atomic Absorption (AA) spectroscopy on media suspensions post-SWCNT removal with the aid of a Varian SpectrAA 200.
Cell culture
The human alveolar carcinoma epithelial cell line A549 (ATCC, CCL-185) was employed for toxicity evaluation. Cells were grown in F-12K medium (Kaighn's Modification, Gibco) supplemented with 10% foetal calf serum (FCS), 45 IU ml −1 penicillin and 45 g ml −1 streptomycin and grown in a humidified incubator at 37
• C (5% CO2).
Cytotoxicity evaluation
For the AB assay, cells were seeded at a density of 1 × 10 5 cells/ml for the 24 h test, 7 × 10 4 cells/ml for the 48 h test, 3 × 10 4 cells/ml for the 72 h test and 2 × 10 4 cells/ml for the 96 h test in 96-well plates (Nunc, Denmark). These seeding densities were found to be optimal to achieve the desired confluency for each cell line at the end of each respective exposure period. Cells were allowed to attach for 24 h before they were washed with 100 l of phosphate buffered saline (PBS) and treated with 100 l depleted medium (previously containing test nanoparticle concentrations of 0.00156-0.8 mg/ml). Upon exposure for 24, 48, 72 or 96 h, cell viability was assessed using the AB assay according to the manufacturer's guidelines. At least three independent experiments were performed.
The procedure for the clonogenic assay was adapted from Puck and Markus (1956) and Franken et al. (2006) and cells were treated after plating. Exponentially growing cells were harvested and seeded in 6-well microplates (Nunc, Denmark) at a density of 250 cells/well. Each well-contained 2 ml of cell culture medium. Cells were allowed to attach for approximately 14 h. This attachment period was shorter than the population doubling time of these cell lines which is reported to be around 22 h for A549 cells (ATCC, CCL-185) so that single cells were present at the start of exposure. Cells were then washed with 2 ml of PBS and treated with 2 ml depleted medium. Following exposure to the depleted medium for 10 days, cells were washed with PBS and finally fixed and stained using a 20% carbol fuchsin in formalin solution (BDH, Poole, UK) and the number of cell colonies was determined. In addition to colony number as the classical clonogenic assay endpoint, surface area was chosen as an additional endpoint to evaluate the effects of the depleted medium on colony formation (Spadinger et al., 1994) . Digital photographs were taken from each 6-well microplate and the Java based image-processing program ImageJ (http://rsb.info.nih.gov/ij/) was used to measure colony surface areas.
Statistics
At least three independent experiments were conducted for each type of nanoparticle and toxicity endpoint. Test results for each assay were expressed as percentage of the unexposed control ± standard deviation (S.D.). Control values were set as 100%. Differences between samples and the control were evaluated using the statistical analysis package SPSS 14.0. Statistically significant differences were set at p ≤ 0.05. Normality of data was confirmed with Q-Q percentile plots and Kolmogorov-Smirnov tests. Equality of variances was evaluated using Levène tests. One-way analysis of variances (ANOVA) followed by Dunnett's multiple comparison tests were carried out for normally distributed samples with homogeneous variances. Non-parametric tests, namely Kruskal-Wallis followed by Mann-Whitney-U-tests were applied to samples without normal distribution and/or inhomogeneous variances.
Results and discussion
In an earlier study it was observed that upon the dispersion of the SWCNT within the medium, there was considerable interaction between the SWCNT and the various components of the cell culture medium with a resultant colour change in the higher concentration regions (0.4-0.8 mg/ml) (Casey et al., 2007a) . It should be noted that the interactions were observed irrespective of the presence or absence of the serum. In the aforementioned study it was postulated that these interactions may reduce the availability of the medium components to the cultured cells and may result in an indirect cytotoxicity due to medium depletion by interaction. This colour change was observed again here in all test samples (HiPco ® SWCNT and AD SWCNT).
Spectroscopic analysis
In order to investigate the proposed mechanism of an indirect rather than a direct toxic effect of SWCNT, it is vital that the removal of the nanotube species in question be carried out. For the purpose of this study Raman spectroscopy was employed to verify the removal of nanotube from the medium after centrifugation and filtration. Raman analysis was carried out on all samples at 514.5 nm laser excitation. The Raman spectrum of pristine nanotubes consists primarily of three main features, the radial breathing mode (RBM), the D line and the G line Jorio et al., 2001 Jorio et al., , 2002 Kukovecz et al., 2002; Kuzmany et al., 2001; Pimenta et al., 2001; Yu and Brus, 2001 ). The dominant feature in the Raman signal of SWCNT is the G line situated between 1450 and 1650 cm −1 the absence of this feature from the recorded spectra would indicate that the SWCNT were successfully removed from the medium. Fig. 1 displays the recorded spectra for unfiltered medium containing HiPco SWCNT ( Fig. 1a and b) , and for all filtered media, HiPco ® SWCNT (Fig. 1d ) and AD SWCNT (Fig. 1c) . The pre-filtration spectra of HiPco ® SWCNT treated media suspensions (Fig. 1a and b) were recorded from drop cast slides. In these spectra the dominant Fig. 1 . Raman Spectra by 514.5 nm excitation of (a) unfiltered 5% FBS medium containing HiPco SWCNT 0.8 mg/ml, (b) Unfiltered 5% FBS medium containing HiPco SWCNT 0.00156 mg/ml, (c) Arc Discharge SWCNT filtrate 0.8 mg/ml and (d) HiPco SWCNT filtrate 0.8 mg/ml. nanotube features can be clearly seen at both tested concentrations (0.8 (a) and 0.00156 (b) SWCNT mg/ml). Close examination of these spectra, in the RBM region, shows that there was minimal alteration to the aggregative state of the SWCNT. This correlates well with the results presented in an earlier study (Casey et al., 2007a) verifying that the tested SWCNT remained as bundles in all concentrations tested. Furthermore the difference in concentrations of these two samples gives a good representation of the fine quantities of SWCNT that can be detected spectrally by the Raman method. The absence of these features in the filtered samples would therefore provide a good indication of their removal by centrifugation and filtration. Fig. 1(c and d) displays the Raman spectra obtained by 514.5 nm excitation of the filtered samples (HiPco ® and AD SWCNT) of the highest test concentrations (0.8 mg/ml) recorded from drop cast slides. As can be seen, there is a complete absence of SWCNT features from the spectra obtained. This is a strong indication that the nanotubes have been essentially removed from the medium by centrifugation and filtration allowing the proposed hypothesis of an indirect toxicity by medium depletion to be investigated. The Raman analysis also shows no evidence of amorphous carbon (present as an impurity in AD SWCNT) although it is of course plausible that trace amounts remained within the media and was not detected by the Raman method. The HiPco SWCNT tested contain an impurity of remnant catalytic iron particles (10 wt%), therefore, in order for any cytotoxicity observed to be attributed to that of an indirect effect it was vital that the associated iron impurities were removed with the SWCNT during filtration and centrifugation. Prior to toxicity testing, Atomic Absorption analysis was carried out to monitor iron levels within the media pre-and post-SWCNT removal. In 5% FBS medium an initial iron level of 1.98 × 10 −5 mg/ml was noted and after the addition and subsequent removal of the HiPco this value had increased slightly, in only the highest test concentration of 0.8 mg/ml, by 1.02 × 10 −5 to 3 × 10 −5 mg/ml. While a slight increase in iron levels were observed in the media following the filtration and centrifugation of the SWCNT, it should be noted that iron is an essential element for organisms and the levels present in the depleted medium were found to be two orders of magnitude less than those demonstrated to elicit genotoxic and cytotoxic effects in human cells (Lima et al., 2008) .
The UV/visible absorption spectrum of 5%-FBS-F12K medium, which consists of four features at 270, 360, 410 and 560 nm (Casey et al., 2007a) , was seen to undergo considerable changes upon the addition of SWCNT. The features at 270 and 410 nm were assigned to the added 5% FBS, whereas the two remaining features at 360 and 560 nm originate from the components of the medium itself. The feature at 360 nm can be attributed to riboflavin (Posadaz et al., 2000; Zirak et al., 2005) , a vitamin present in the medium whereas the feature at 560 nm can be assigned to the phenol red indicator. The absorption spectrum of SWCNT in water suspensions consists of three broad absorption features centred approximately at 1200, 800 and 270 nm. The peaks at 1200 and 800 nm are highly structured and are attributed to optical transitions between mirror image spikes in the diameter dependent density of states, with the feature at 270 nm attributed to the -plasma frequency of ∼4.6 eV in -conjugated carbon materials (Kataura et al., 1999) . In all test solutions, a reduction in the phenol red peak at 560 nm was observed (Fig. 2a and b) which was as expected due to the colour change observed in the high SWCNT concentration region. However, only slight alterations in pH were registered with the pH decreasing for a value of 8.58 at the highest test concentration of 0.8 mg/ml to a value of 8.41 at the lowest test concentration of 0.00156 mg/ml. This was interpreted as evidence that the SWCNT altered the chemical "composition" of the medium by interaction without adversely affecting the pH. Further reductions of the features attributed to the added FBS supplement were observed, at 410 and 270 nm, in all tested filtered samples ( Fig. 2a and b) . The feature at ∼360 nm, attributed to the vitamin riboflavin, was reduced in all tested filtered samples ( Fig. 2a and b) . The spectral changes observed here are attributable to an adsorption of the molecular components of the medium to the -electron surface of the nanotubes. This adsorption coupled with the filtration and centrifuging would in turn cause a reduced effective concentration of these components in the medium facilitating the indirect toxic effect of SWCNT due to medium depletion to occur.
As described earlier reductions in absorbance were observed in the characteristic medium features so it was expected that there would be a reduction in their associated fluorescence emission features. Excitation of 5% FBS medium by three wavelengths, namely 268, 360 and 410 nm, each corresponding to the absorbance of an individual component of the medium, yielded emission spectra centred at 360, 450 and 450 nm, respectively. These excitation wavelengths were used here to study the filtered medium to assess the effect of SWCNT removal. In all tested samples the emission, by excitation with the aforementioned wavelengths, was reduced. The quenching of emission was monitored as a function of initial particle concentration, and plotted as a ratio (Fig. 3a and b) . Fluorescence studies have been shown to aid in the elucidation of the interaction of nanotubes with different molecular species (Keogh et al., 2005; Hedderman et al., 2006) . In an earlier study (Casey et al., 2007a) a model derived by Coleman et al. (2004) was adapted and employed to assess the degree of interaction between SWCNT and cell culture medium. Eq. (1) represents the dynamic equilibrium at which the adsorption rate equals the desorption rate for fluorescent molecules in composite systems, where N F is the number of free molecules, N B is the number of bound molecules, Fl comp is the fluorescence of the composite and Fl molecule is the fluorescence of the pristine solution which gives the fraction of free molecules in solution. The model was derived for 1:1 ratios by mass and so for all concentrations the partial SWCNT concentration, C NT , equals the partial molecular concentration, C m .
C 0 is a characteristic concentration associated with the interaction and is described by
C 0 may be considered as a ratio of the desorption rate to the adsorption rate, for the purpose of this study this model will be employed assess the degree of interaction or alteration of the cell culture medium upon the dispersal and subsequent removal of SWCNT within the medium. This model facilitates characteristic concentrations (C 0 ) to be estimated for the molecule under test. This C 0 value was then used to estimate the degree of interaction between the SWCNT and the relevant molecule. According to Eq. (2) the C 0 value is inversely proportional to the binding energy (E b ) the nature of this relationship would imply that a low C 0 value would correspond to a higher E b (higher degree of interaction) and similarly a high C 0 value would correspond to a lower E b hence a lesser degree of interaction. As can be seen in Fig. 3 the emission ratio plots follow an approximate trend to that proposed by the original model (Coleman et al., 2004) . However, a significant degree of deviation from the model fit can be observed. This increased degree of deviation can be attributed to the increased variability introduced to the system by the filtration and centrifugation process. Despite the inability to reliably fit the data to the model proposed by Coleman et al. (2004) it can be clearly seen in the ratio plots of Fig. 3 that the incorporation and removal of the carbon based nanoparticles into the medium altered its emission characteristics giving further supportive evidence for the alteration of the medium upon interaction with the SWCNT. Although a similar fit is observed for the medium exposed to both types of SWCNT tested, it should be noted that a maximum degree of quenching was observed for all emission features at the highest concentrations of HiPco tubes (0.8 mg/ml). The relative equivalence of the responses also indicates that the impurities play a negligible role in the medium depletion, given the differing nature of the impurities in the two samples. As reported previously, bundles of HiPco SWCNT present a larger surface area when compared to that of arc discharge SWCNT (Hedderman et al., 2006; Herzog et al., 2007) . A larger surface area would in turn lead to increased nutrient adsorption onto HiPco SWCNT bundles compared to arc discharge SWCNT bundles. This would lead to a more effective depletion of culture medium by HiPco SWCNT. These reductions in emission, coupled with the reductions in the associated absorbance of medium features, provide further evidence of a reduction in the effective concentrations of these medium components facilitating an indirect cytotoxicity to be induced by means of interaction with the SWCNT.
Cytotoxicity evaluation
Due to the reported interaction between organic indicator dyes and SWCNT, employing such dyes for cytotoxicity screening of carbon nanoparticles is not recommended (Hurt et al., 2006; Monteiro-Riviere and Inman, 2006; Wörle-Knirsch et al., 2006; Casey et al., 2007a,b) . However, the absence of SWCNT in the tested medium made it possible to employ the highly sensitive Alamar Blue assay. In contrast to other routinely used indicator dyes (e.g. the MTT and neutral red assays) the AB dye has the advantage of being water soluble, stable in the culture medium and nontoxic, so that continuous monitoring of cell cultures is permitted, and viability of cells is not altered. Figs. 4 and 5 display the cytotoxicity response curves obtained for HiPco ® SWCNT and the arc discharge SWCNT respectively using the AB assay following exposure to the filtered medium. Again concentrations quoted are those of the nanoparticles in the medium pre-filtration. Fig. 4 displays the cytotoxicity response curve obtained for filtered medium which previously contained HiPco SWCNT. As can be seen, there is a clear dose-and time-dependent decrease in cell viability starting at SWCNT concentrations of 0.4 mg/ml after 48 h exposure. However, the effect only fell within statistical significance at the highest test concentration of 0.8 mg/ml.
A slightly different behaviour was observed for the arc discharge SWCNT filtered medium (Fig. 5) . Data variability was larger than seen for HiPco SWCNT filtered medium and a clear dose-and timedependent effect could only be noted at the highest concentrations tested. However, it is clear for example from the 96 h response that the arc discharge exposed medium elicits a lesser response than that for the corresponding HiPco medium irrespective of statistical significance. This is consistent with the greater degree of quenching observed for the HiPco medium in Fig. 3 above. Again the greater surface area reported for HiPco bundles compared to those of arc discharge tubes could explain the higher toxicity observed for medium previously exposed to HiPco SWCNT than arc discharge SWCNT filtered medium.
In addition to the AB assay, the clonogenic assay, an alternative assay not including any absorbance or fluorescence measurements of indicator dyes was performed (Herzog et al., 2007) . The clonogenic assay is an in vitro cell survival based assay measures the ability of a single cell to form a colony (Puck and Markus, 1956 ). Only mitotically viable cells are able to produce progenitor cells, therefore the number of colonies formed following or during treatment is an excellent indicator for cell viability. Using colony size measurements as an additional endpoint can give an estimation of the rate of division and proliferation of treated cells (Horáková et al., 2001) . The clonogenic assay has been reported to be more sensitive than colourimetric cytotoxicity assays since dying, abortive cells can still be metabolically active and thus give misleading results in non-clonogenic assays (Rober and Drewinko, 1976) . It has the advantage of allowing the distinction between effects on cell viability and cell proliferation, can show long-term effects on a sub-lethal level and has recently been shown to be suitable for the assessment of carbon nanoparticle toxicity (Herzog et al., 2007) . Results of A549 lung cell exposure to culture medium previously exposed to SWCNT are shown in Figs. 6 and 7.
As can be seen in Fig. 7 , the ability of A549 cells to form colonies during incubation in depleted culture medium was only slightly reduced when the medium was previously exposed to the highest SWCNT concentration of 0.4 mg/ml. Treatment with any other SWCNT concentrations did not show any effects. This was the same for HiPco and arc discharge SWCNT samples. However, when determining colony sizes, significant, dose-dependent reductions could be observed following HiPco ® SWCNT treatment where colonies reached sizes of only 51% of that of controls grown in normal culture medium. Already at the lowest HiPco ® SWCNT concentration tested, colony size was reduced by more than 26%. It is well known that cells in nutrient deficient environments respond by reducing their cell proliferation, ultimately leading to reduced colony sizes (Ozturk et al., 2003; Zenin et al., 1982) . Our previous study demonstrated that colony size was a more sensitive endpoint than colony numbers following exposure of A549 cells to carbon nanoparticles including carbon black, HiPco ® SWCNT and AD SWCNT samples (Herzog et al., 2007) . The clonogenic results lend further support to the possibility of an indirect toxicity by means of nutrient depletion resulting from SWCNT interaction with the culture medium. SWCNT have been reported to interact and bind to a variety of organic molecules including sugars, proteins and culture medium components (Chambers et al., 2003; Casey et al., 2005 Casey et al., , 2007a Moulton et al., 2005) . Monteiro-Riviere and Inman (2006) essential nutrients, cytokines and/or growth factors. In this study it could be shown that SWCNT can lead to decreased cell viability due to such indirect mechanisms causing depletion of cell culture media. Medium depletion caused reduced metabolic activity, as seen by the AB assay, as well as inhibited colony formation as shown by the clonogenic (colony forming) assay. The dominant effect, as indicated by the colony size endpoint, is a reduction of the proliferative capacity of the cells in the depleted medium. During the clonogenic assay, on average 8 l of culture medium was available for one cell during the 10 days of exposure. In contrast, during the AB assay, only 0.002, 0.003, 0.007 and 0.01 l was available for 24, 48, 72 and 96 h exposures, respectively. Therefore, the total of available nutrients was higher during the clonogenic assay compared to the AB assay. This could explain why cells were still able to form colonies at numbers comparable to cells grown in control medium. However, medium depletion did inhibit the rate of cell proliferation and metabolism as indicated by reduced Alamar Blue reductions and smaller colony sizes. As the amount of nutrients available to cells during the AB assay was 99.9% lower compared to the clonogenic assay, greater effects of medium depletion could be seen in the AB assay which can explain the discrepancies seen between the two assay systems employed in this study. The clonogenic assay, in contrast, could show that medium depletion has long-term effects on A549 cells on a sub-lethal level. HiPco SWCNT samples were always more effective compared to arc discharge SWCNT samples (Herzog et al., 2007) indicating the importance of surface area in the mechanism of medium depletion.
This data presented in this study has implications for direct exposure SWCNT cytotoxicity studies; Fig. 8 displays the obtained cytotoxic response curve of A549 cells following direct exposure to SWCNT as evaluated by the AB assay. Data of this nature would obviously contain a contribution from the demonstrated indirect effect of medium depletion coupled with absorptive interferences (Casey et al., 2007b; Hurt et al., 2006; Monteiro-Riviere and Inman, 2006; Wörle-Knirsch et al., 2006 ) from remnant SWCNT after initial exposure both contributing to false positive toxic effects being recorded when evaluating high concentration SWCNT exposures.
Conclusions
This study has used spectroscopic analysis coupled with cytotoxicity assessment to verify the proposed hypothesis of an indirect toxicity as a result of the interaction of SWCNT with cell culture medium. To confirm this effect, spectroscopic analysis was performed to verify the removal of the SWCNT and associated impurities from the medium by centrifugation and filtration. Raman spectroscopy gave no indication of the presence of SWCNT in the filtered samples suggesting they were sufficiently removed during the test sample preparation process. It is without question that upon their dispersion and subsequent removal, both types of SWCNT tested in this study did alter the composition of the medium, as evidenced by the spectroscopic analysis. The evident removal of impurities highlights that this is an intrinsic effect of the adsorption by the nanotubes of molecular components of the cell growth medium resulting in medium depletion. This in turn resulted in an adverse effect on cellular growth as verified by the cytotoxicity data presented for the AB and the clonogenic assays. The clonogenic endpoints give a clear indication that the principal effect is one of reduced proliferative capacity rather than viability. Once again cellular effects were higher for the nanoparticle with the larger surface area. As these media interactions and absorptive interferences with carbon nanomaterials have only come to light in recent years (Hurt et al., 2006; Monteiro-Riviere and Inman, 2006; Wörle-Knirsch et al., 2006; Casey et al., 2007a,b) , there is the risk that toxicity observations to date have contained a contribution from this indirect effect, i.e. a false positive result rather than the inherent toxicity of the nanomaterial. Care is therefore warranted when interpreting toxicity data generated with carbonaceous nanoparticles. This study further highlights the importance of assessing all contributing factors, such as the discussed indirect cytotoxicity effects when preparing a toxicity profile for these types of nanoparticles in vitro.
